C]methoxy-N-methylbenzamide ([ 11 C]ITMM), a radiotracer for mGlu1. Methods-Rats were subjected to a 30-minute transient right middle cerebral artery occlusion. Saline or minocycline, a neuroprotective agent, was intravenously injected immediately after surgery and then daily during the subsequent 7 days. PET imaging with [ 11 C]ITMM was performed on the rats on days 1 to 7 after ischemia. In vitro autoradiography and histopathologic staining were conducted to confirm the results of in vivo PET.
G lutamate is a major excitatory amino acid neurotransmitter in the brain, and its release has been shown to significantly increase in ischemic animal models. After ischemia, excess release of glutamate may result in a large increase in the free calcium-ion concentration in neurons and eventual neuronal death. 1 It has been suggested that the large concentrations of glutamate in the extracellular spaces of ischemic brain may activate the metabotropic glutamate 1 (mGlu1) receptor. 2 The mGlu1 receptor, cloned in 1991, is 1 of 8 subtypes within the metabotropic glutamate receptor family. mGlu1 is widely disturbed in rodent and primate brain regions, such as the cerebellum, thalamus, striatum, and cerebral cortex. 3 Recent results suggest that blockade of the mGlu1 receptor may provide an effective approach for inhibiting glutamatemediated neurotoxicity in the ischemic brain. 4 Furthermore, some mGlu1 antagonists have shown a neuroprotective effect in the ischemic brain. 4, 5 However, cerebral infarction volumes after ischemia in mGlu1-knock-out mice were not different from those in wild-type mice. 6 In different neurotoxic and ischemic models, mGlu1 agonists have also been shown to reduce neuronal damage in vitro. 7, 8 Despite these findings, the precise physiological role and locations of mGlu1 in the living brain and the therapeutic effects of mGlu1 antagonists on various diseases of the central nervous system have not been well-characterized.
It has been reported that minocycline, an antibiotic and neuroprotective agent, reduces neurotransmission of glutamate, activation of the N-methyl D-aspartate receptor, and signaling or release of calcium ions in neurons. 9 Minocycline can prevent transient ischemia-induced neuronal damage in rat and gerbil ischemic models. 10, 11 Background and Purpose-Recent pharmacological evidence shows that antagonists for the metabotropic glutamate 1 (mGlu1) receptor exhibit neuroprotective effects in an ischemic brain. The aim of this study was to visualize the mGlu1 receptor and to monitor neuroprotective effects in a rat model of mild focal ischemia using positron emission tomography (PET) with N- [4-[6-(isopropylamino) 
pyrimidin-4-yl]-1,3-thiazol-2-yl]-4-[
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Positron emission tomography (PET) is a molecular and functional imaging modality that permits noninvasive and repeatable determination and quantification of receptors, enzymes, transporters, and plaques in the living human brain. Recent work has shown that N- [4-[6-(isopropylamino) 
can be used as a new mGlu1-specific and selective PET radiotracer, with potential for imaging the mGlu1 receptor in rodent and primate brains. 12 [ 11 C]ITMM is being used clinically for studying the human brain to elucidate the distribution and density of mGlu1 receptor. 13 In this study, we aimed to determine whether [ 11 C]ITMM-PET can be used for monitoring the mGlu1 receptor levels in the rat brains with mild focal ischemia. PET imaging was performed to elucidate the changes in mGlu1 in the brain 1 week after ischemic surgery. The decrease in brain mGlu1 slowed down after minocycline treatment. In vitro autoradiography and histopathology were conducted to confirm the changes in mGlu1 level. The findings of this study will indicate whether [
11 C]ITMM-PET is a useful technique for monitoring the occurrence and progression of neuronal damage and for characterizing the neuroprotective effects of minocycline in the ischemic brain.
Methods
Animals and Surgery
This study was approved by the Animal Ethics Committee of the National Institute of Radiological Sciences. The animals were maintained and handled in accordance with the recommendations of the National Institute of Health and the institutional guidelines of the National Institute of Radiological Sciences. In male Sprague Dawley rats (7-8 weeks; Japan SLC, Shizuoka, Japan), mild focal ischemia was produced by intraluminal occlusion of the middle cerebral artery for 30 minutes using an intraluminal thread model. 14, 15 Briefly, a rat was anesthetized with 4% (v/v) isoflurane and maintained with 1.8% isoflurane. The right internal carotid artery was ligated. A 4.0-monofilament nylon suture coated with silicon was inserted (16-18 mm) into the internal carotid artery up to the level where the middle cerebral artery branches. The neck incision was closed with a silk suture. Then, rats were allowed to wake up from anesthesia. After 30 minutes, rats were reanesthetized and the filament was carefully removed for reperfusion. The body temperature was monitored and maintained throughout the surgery. All rats were evaluated during the awake period of ischemia and during filament removal by 2 blinded investigators using the neurological examination score system (Table I in the online-only Data Supplement). Rats with a score of 2 to 3 in ischemia and an increase of 0 to 1 in the score after reperfusion were included for further study (8 of 50 rats were excluded after surgery). The rats were randomly divided into 2 groups and injected intravenously with either saline (n=7) or minocycline hydrochloride (n=7; Sigma-Aldrich, St. Louis, MO) at 10 mg/kg immediately after surgery and then daily during the subsequent 7 days.
Production of [
11 C]ITMM 
PET Scans and Data Acquisition
PET scans were performed using a small-animal PET scanner (Inveon, Siemens Healthcare, Erlangen, Germany). The time schedule of PET scans is shown in Figure 1 .
Ischemic rats (n=7) were imaged using PET with [ 11 C]ITMM at 1, 2, 4, or 7 days after saline or minocycline treatment. Each rat underwent the full PET protocol and was serially scanned at the appointed times after ischemia. For comparison, normal rats (n=4) also underwent the same PET scanning. Each rat was anesthetized with 5% isoflurane and maintained with 1% to 2% isoflurane. After a transmission scan for attenuation using a cobalt-57 point source, an emission scan was acquired for 60 minutes after intravenous injection of [ 16 (Sigma-Aldrich), an mGlu1-selective ligand (dose 3 mg/kg in 300-μL saline containing 10% ethanol), was injected.
All list-mode acquisition data were sorted into 3D sinograms, which were then Fourier-rebinned into 2D sinograms (frames×min: 4×1, 8×2, 8×5). PET images were analyzed using ASI Pro VM (Analysis Tools and System Setup/Diagnostics Tool; Siemens Healthcare) with reference to the template MR images. A region of interest (size, 23.5±0.3 mm 2 ) was manually positioned on the ischemic area, including the striatum and cerebral cortex, which were defined for each experiment on a summation image 0 to 60 minutes after injection. The ipsilateral region of interest was copied and symmetrically pasted into the contralateral striatum and cerebral cortex in the same section. Brain radioactivity uptake was decay-corrected to the injection time and expressed as the standardized uptake value (SUV=radioactivity per cm 3 tissue/injected radioactivity×grams body weight), normalized for injected radioactivity and body weight. Quantitative measurement of specific uptake in the brain was calculated and expressed as uptake ratio of SUV ipsilateral at 57.5 minutes /SUV contralateral at 57.5 minutes on the same brain section.
In Vitro Autoradiography
Rats were euthanized at 5 minutes, 2 hours, 12 hours, 1 day, 2 days, and 7 days (n=5-8) after ischemia by decapitation under diethyl ether anesthesia, and their brains were quickly removed and frozen on powdered dry ice. Normal rats (n=4) were used as controls. Coronal brain sections (10 μm) were cut with a cryostat (HM560, Carl Zeiss; Oberkochen, Germany) at −20˚C and mounted on air plasma sprayingcoated glass slides (Matsunami; Tokyo, Japan). After the brain sections were preincubated in a 50-mmol/L Trizma buffer for 20 minutes at 25˚C, [ 
Histopathology
To confirm the ischemic areas, all rats were euthanized via exsanguination under ether anesthesia after PET scanning on the day 7. 
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The brains were removed quickly, coronal sections were cut, and half of the sections were stained with 2,3,5-triphenyltetrazolium chloride, whereas the remaining half of the same brain sections were stained with cresyl violet and immunofluorescence. After fixation in cold-acetone for 10 minutes and immersion in peroxidase-blocking solution for 30 minutes, the brain sections were incubated with rabbit-antimGluR1 primary antibodies (1:200; LSBio, Seattle, WA) overnight at 4°C and then incubated with the secondary antibodies Alexa Fluor 488 goat anti-rabbit IgG (1:500; Life Technologies, Carlsbad, CA) for 1 hour at room temperature. The sections were washed 3× in phosphate-buffered saline for 5 minutes after each step. Histopathologic images of coronal sections were acquired with an epifluorescence microscope (Olympus, Tokyo) and e-tiling software (Mitani, Tokyo).
Statistical Analysis
Data are expressed as the mean±SEM. For autoradiography, changes in values were compared using the Student paired t test. PET data were examined using 2-way repeated-measures ANOVA. The threshold for statistical significance was set at P<0.05. show a high accumulation of radioactivity in different regions. The highest uptake was seen in the cerebellum, followed by the thalamus, striatum, and cerebral cortex. This distribution pattern of uptake reflected the distribution of mGlu1 in the brain regions, as previously reported. 12, 17 Pretreatment with the mGlu1-selective ligand JNJ16259685 significantly reduced the brain uptake (B and Figure II in the online-only Data Supplement). For the control (C) and JNJ16259685-treated (D) brain sections, in vitro autoradiography showed a distribution of radioactivity that was consistent with that in the corresponding PET images. The high inhibition by JNJ16259685 in the controls implied that the in vitro and in vivo uptake of [ 11 C]ITMM was mostly reflective of mGlu1 in the brain regions, including the striatum and cerebral cortex, the 2 target regions of this study. Figure 3 shows representative PET-and 2,3,5-triphenyltetrazolium chloride-staining brain images of the same ischemic individuals. PET images of the striatum and cerebral cortex were summed between 0 and 60 minutes after injection of [ Figure 4 shows the uptake ratios of radioactivity (standardized uptake value) between the ipsilateral and contralateral sides of the same sections at 57.5 minutes. The time-activity curves are shown in Figure III in the online-only Data Supplement.
Results
PET Studies
A time-dependent decrease of radioactivity accumulation was observed in the ipsilateral side ( Figure 3B ) of the brain at 1, 2, 4, and 7 days after ischemia but not in normal section ( Figure 3A) . Differences in the uptake ratio between the ipsilateral and contralateral sides became significant with time progression (Figure 4 ). At 7 days after ischemia, the uptake ratio between the 2 sides decreased to 0.72±0.05 for the striatum (P<0.01) and 0.74±0.05 for the cerebral cortex (P<0.01). The pattern of lesions observed by 2,3,5-triphenyltetrazolium chloride-staining was similar to that seen in the corresponding PET image. Figure 3C shows the effect of minocycline treatment on [ 11 C] ITMM uptake in the ischemic brain. Through daily treatment with minocycline, the decrease in radioactivity in the ipsilateral side was slowed down. At 7 days after treatment, the uptake In Vitro Autoradiography For the brain sections taken at 5 minutes, 2 hours, and 12 hours after ischemia, no statistical difference (P>0.05; Figure 5A ) in radioactivity level was observed between the ipsilateral and contralateral sides. At 1 day, radioactivity in the ipsilateral side seemed to decrease ( Figure 5B ), which was consistent with the corresponding PET image. At 7 days, the difference in radioactivity level between the 2 sides was 0.46±0.02 for the striatum (P<0.01) and 0.26±0.01 for the cerebral cortex (P<0.01). As shown in brain sections treated with minocycline, the ipsilateral side showed improvement of radioactivity compared with the ipsilateral side of saline groups. Coincubation with excess JNJ16259685 significantly reduced the radioactivity level in the day-7 ischemic brains and produced a uniform distribution of radioactivity among all brain regions. Figure 6 illustrates the distributions of the mGlu1 and neurons in the different regions of the normal brain and the day-7 ischemic brains treated with saline or minocycline after the PET scans, as observed using an immunohistochemical assay and cresyl violet staining. In the normal brain, dense fluorescence representing mGlu1 was detected over the striatum and cerebral cortex. Decrease in mGlu1 density was observed on the ipsilateral side of the saline group (also see Figure IV in the online-only Data Supplement), whereas mGlu1 level was improved by minocycline treatment. Furthermore, the zone expressing mGlu1 seemed to closely match with the neuron distribution identified by cresyl violet staining, and a similar pattern of reduced neurons with mGlu1 was seen in the ischemic brain.
Histopathologic Staining
Discussion
This is the first imaging study of mGlu1 receptor in the ischemic brain using PET with [
11 C]ITMM, a novel specific radiotracer for mGlu1. In the ischemic brain, decrease in mGlu1 was demonstrated. Treatment with the neuroprotective agent minocycline slowed down the reduction of mGlu1 in the brain. The in vivo PET results were supported by findings of in vitro autoradiography and histopathologic assay. This indicates that [
11 C]ITMM-PET can be used to monitor the occurrence and progression of neuronal damage and evaluate the effects of neuroprotective drugs after ischemia.
To visualize the change in mGlu1 level in the brain, a rat model of mild focal ischemia was prepared using occlusion of the middle cerebral artery, a relevant method for representing human ischemic stroke. This model had been proven to be successful without a longitudinal breakdown of the bloodbrain barrier from the ischemic surgery. 15 The reliability of this model ensures that the brain uptake of [ 11 C]ITMM, as measured in this PET study, is not influenced to a large degree by transient disruption of the blood-brain barrier.
In this study, PET with [ 11 C]ITMM demonstrated decreased uptake of radioactivity in the ipsilateral side of the ischemic brains (Figures 3 and 4) . The most significant difference in uptake was observed between the ipsilateral and contralateral sides on day 7 after ischemia. The specific binding of [ 11 C]ITMM to mGlu1 receptor was confirmed by blocking this receptor with the mGlu1-selective ligand JNJ16259685. Treatment with JNJ16259685 significantly decreased the radioactivity in the whole rat brain. This result, along with the same inhibitory result for the normal brain ( Figure 2B and 2D) , demonstrated that the uptake of [ 11 C]ITMM in different brain regions, including the ischemic area, primarily reflected mGlu1 density. In vitro autoradiography ( Figure 5 ) and histopathologic analysis ( Figure 6 ) also confirmed the decrease in mGlu1 density and the neuroprotective effect of minocycline. Ischemia has been reported to accelerate a rapid release of glutamate, which then immediately activates mGlu1, resulting in excess release of calcium ion and eventual neuronal damage in the brain. 1 However, the in vitro autoradiographic images from 5 minutes to 12 hours after ischemia did not show transient increase in the radioactivity levels in the ipsilateral side ( Figure 4 ). This result suggests that ischemia-induced activation of mGlu1 may be very rapid and short-lived to be monitored using autoradiography. From day 1 after ischemia, a decrease in mGlu1 was seen on the ipsilateral side, illustrating the occurrence and progression of neuronal damage in the brain.
The neuroprotective effect of minocycline has been confirmed using models of postischemic neuronal death. Minocycline may depress glutamatergic neurotransmission and the excess release of calcium ions, which represents one of the key events in the processes leading to postischemic neuronal death. 10, 18 Our present study suggests that minocycline may also inhibit activation of the mGlu1 receptor, which is linked to neuronal damage in the ischemic brain. Moreover, minocycline treatment produced a dose-dependent neuroprotective effect. In fact, daily administration of minocycline for 0 to 7 days after ischemia demonstrated a better neuroprotective effect than a single dose of minocycline (data not shown). These results suggest that mGlu1 may play a crucial role in the early phase of neuronal damage and that the neuroprotection
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conferred by minocycline during the critical phase is associated with timely improvement of mGlu1 expression in the ischemic area. Our present study revealed the presence of mGlu1 in neurons ( Figure 6 ) but not in microglia and astrocytes ( Figure V in the online-only Data Supplement). Because mGlu1 is a postsynaptic and purely neuronal receptor, reduction in specific binding of [ 11 C]ITMM and mGlu1 density in this ischemic model most likely reflects the process of neuronal damage. The decrease in mGlu1 density at the ischemic area was seen even on day 1 after surgery and likely reflects an irreversible synaptic degeneration. However, the exact mechanism needs to be further elucidated. Nonetheless, PET with [
11 C]ITMM may be used to monitor early neuronal damage.
To evaluate the clinical changes after stroke, several techniques have been developed for imaging regional cerebral blood flow, regional cerebral metabolism, and molecular responses in the infarcted area. 19, 20 In particular, assessment of the penumbra and cellular responses of the infarcted area is being conducted which would help to evaluate the effects of interventions with therapeutic drugs for stroke by visualizing hypoxia, neuronal integrity, apoptosis, and neuroinflammation. 21, 22 The present findings indicate that mapping of mGlu1 with PET is a useful alternative tool for characterizing neuronal integrity and has potential to be used as a biomarker in future therapeutic regimens. As a specific and selective radiotracer for mGlu1, [ 11 C]ITMM coupled with PET may provide a more sensitive assessment of neuronal damage than the conventional visualization of metabolism.
In this PET study, what we monitored with [ 11 C]ITMM is the density of mGlu1, which may reflect both (and together) a loss of synapses/receptors secondary to ischemic damage and a functional change in mGlu1 receptor density because of functional down-regulation, but the 2 aspects may not be differentiated. Moreover, we did not determine if imaging of mGlu1 receptor with [
11 C]ITMM is superior to imaging of central benzodiazepine receptor with [ 11 C]flumazenil, an established and validated PET tracer for monitoring of neuronal density after stroke. 23 In conclusion, this study demonstrated that [ 11 C]ITMM-PET is a useful technique for monitoring the progress of neuronal damage and for characterizing mGlu1 with early and small changes in the ischemic brain. Recently, the first trial of using [
11 C]ITMM-PET has been performed in a clinical study on humans. 13 We think that this technique can be used to evaluate the neuroprotective effects of mGlu1 antagonists and other drugs used for treating ischemic stroke, such as N-methyl D-aspartate antagonists, antineuroinflammation agents, and tissue plasminogen activators. 
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